Despite the safety of TSS, complications such as CSF rhinorrhea, diabetes insipidus, meningitis, visual worsening, oculomotor nerve palsy, hypothalamic injury, carotid artery injury, and oro-rhino-sinusal complications are always possible. 3, 5, 7, 9 The risk of CSF leakage is increased in the presence of a suprasellar extension of a tumor. 5, 8, 9 Because the surface area of the tumor contacting the arachnoid membrane is relatively large in cases with huge supras ellar extension, the possibility of arachnoid tears during dissection of the tumor from the overlying arachnoid membrane is higher, the leak point of the arachnoid could be larger, and there could be multiple tear points. This type of CSF leakage is difficult to seal off with conventional repair techniques. CSF leakage may lead to more serious postoperative complications, such as meningitis and pneumocephalus, with fatal consequences. 9, 15, 32 Moreover, a hematoma can occasionally accumulate in the large dead space that is created after the removal of huge suprasellar-extended macroadenomas (Fig. 1 ). This hematoma may push the redundant arachnoid membrane upward, causing visual impairment, hydrocephalus, lethargy, disturbance of consciousness, paresis, or even death. 5, 9, 11, 15, 21, 24, 32 According to the literature, most postoperative sellar hematomas that require immediate reoperation occur in huge pituitary adenomas with suprasellar extension. 1, 4, 7, 11, 29 For the prevention of these complications, we have developed a new technique for the reconstruction of the arachnoid membrane that have evaginated into the intrasellar space. In this report, we describe our technique and present our experiences in 9 patients.
Methods clinical applications
Between July 2009 and August 2014, 798 patients underwent TSS performed by the senior neurosurgeon (S.H.K.) at Severance Hospital, Yonsei University College of Medicine, Seoul, Korea. Among these patients, we used the snare technique in 9 patients with huge macroadenomas (> 2.5 cm in diameter) that extended into the suprasellar area ( Table 1 ). There were 5 men and 4 women, whose ages ranged from 20 to 65 years (mean 48.2 years). Immunohistochemical analysis of tumor tissues showed negative staining for any pituitary hormones in all patients. According to the modified Hardy classification scheme, 19, 23 all patients were classified as Type III (n = 5) or Type IV (n = 4). All patients showed visual symptoms before surgery. Standard conventional TSS was selected for the removal of the tumor in all patients. None of the patients had previously undergone transcranial surgery and/or TSS.
surgical techniques
Approach to the Tumor All operative procedures were performed using a routine TSS technique. Intraoperative MRI was performed using a 0.15-T PoleStar N-20 system (Medtronic Navigation) in 8 cases, and electromagnetic navigation (Stealth Station AxiEM navigation system, Medtronic) was used in 1 case. A direct endonasal approach using the operative microscope was used for all patients, and endoscopic assistance was adopted in 2 cases for the exploration of a hidden area that was invisible on a microscopic view. The superior turbinate was pushed laterally and an anterior sphenoidotomy was performed using a standard technique. Both carotid prominences were identified at the lower lateral margin of the surgical field. A bone window was made on the sellar floor to expose the medial boundaries of both cavernous sinuses. A rectangular dural incision was made to expose the margins of both medial walls of the cavernous sinus bilaterally. The location of the upper margin of the dural incision was determined according to the extent of the tumor over the diaphragm. Occasional minimal bleeding from the edges of the intercavernous sinus was controlled using a collagen fleece coated with a fibrin sealant patch (TachoSil; Nycomed).
Tumor Removal and Snare Technique for Remodeling of the Redundant Arachnoid Pouch
First, the intrasellar portion of the tumor was resected completely, starting from the floor side and extending to both sides. Subsequently, decompression of the suprasellar portion of the tumor was initiated. Necrotic tumor tissues were carefully resected using suction, ring curettes, and pituitary microcup forceps. When adhesion between the tough tumor capsule and the overlying arachnoid membrane or the normal gland was encountered, the capsule was carefully peeled off from the overlying arachnoid and the normal gland using a small piece of cellulose fabric (Bemsheet; Kawamoto Bandage Material Co.). This technique was described in detail in our previous publication. 18 After the complete removal of the intrasellar and suprasellar portions of the tumor, the arachnoid membrane and the normal gland, which had previously been located on the upper dome of the tumor, were evaginated into the intrasellar space. In conventional TSS, this evaginated arachnoid membrane is usually pushed up by intrasellar packing using pieces of autologous fat or muscle to prevent postoperative CSF rhinorrhea and achieve hemostasis. However, the fat or muscle packing may not provide sufficient tamponade to seal the CSF leak point completely and stop the bleeding due to redundancy of the arachnoid membrane. Moreover, if there are multiple tear points in the arachnoid membrane, the packing method is insufficient to prevent CSF leakage. For the prevention of these complications, we applied the snare technique for the remodeling of the redundant arachnoid pouch.
Before applying the snare technique, the positional relationship between the redundant arachnoid membrane and the normal gland should be investigated in the microscopic view. When the normal gland is located in the corner of the evaginated pouch and the arachnoid membrane comprises most of the evaginated pouch, the snare technique is preferred.
The snare was prepared on the table outside the surgical field using a 7-0 Pronova suture (Ethicon Inc.) with a short double-arm needle (7.6-mm taper) and specially designed suture-tying forceps, which were described in our previous report. 2 An appropriately sized loop was created with a suture thread by making a double knot ( Fig. 2A and B), and both needles at the ends of the Pronova suture material passed from the tip-side holes on both jaws of the suture-tying forceps to the holes on the rear side (Fig.  2C) . The knot was grasped firmly using the suture-tying forceps to maintain the diameter of the loop (Fig. 2D ). Subsequently, the suture-tying forceps holding the loop were introduced into the surgical field through a nasal speculum. The prolapsed redundant arachnoid membrane was grasped with grasping forceps and gently pulled out through the loop ( Fig. 2E and F). The amount of arachnoid membrane held by the snare loop should be sufficient to prevent the formation of a voluminous dead space and to cover all the tear points of the arachnoid membrane for sealing off the CSF leakage fundamentally. At the same time, the surgeon should be aware that the snare loop should not include the normal gland to prevent its dysfunction. After confirmation of the proper positioning of the loop, the two threads of the suture material were pulled with moderate tension by a first surgical assistant, while the surgeon tightened the knot to constrict the loop via opening and closing maneuvers of the jaws of the suturetying forceps ( Fig. 2G ). After the constriction of the loop in the proper position, second and third knots were made to secure the first knot. During this procedure, the knots were carefully made outside the nasal speculum with mild tension on the 2 threads of the suture, and were slipped along the thread onto the first knot using suture-tying forceps. The knots were pushed and tied firmly to tighten the snare loop securely. Finally, the threads were cut with microscissors ( Fig. 2H , Video 1). 
Sellar Floor Reconstruction
Sellar floor reconstruction was performed using our routine technique, as described previously. 8 After arachnoid repair using the snare technique, additional Tacho-Sil-covered microfibrillar collagen hemostat (Avitene, MedChem Products Inc.) was placed over the arachnoid membrane for the purpose of hemostasis and for supporting the arachnoid membrane. Sellar floor reconstruction to cover the entire bone defect was performed using two kinds of materials: TachoSil was used in 7 cases and a porous polyethylene implant (Medpor, Porex Surgical Inc.) was used in 2 cases. After confirming that there was no CSF leakage, a topical tissue sealant (BioGlue, CryoLife Inc.) was applied to cover the entire bone defect of the sellar floor, for the reinforcement of the sealing, and for prevention of the migration of reconstruction materials.
results
Adventitious arachnoid tears occurred in 8 patients during the resection of the tumor. A single hole was identified in 3 patients, and multiple holes were observed in 5 patients. In 1 case in which CSF leakage did not develop, as the arachnoid pouch was intact, the constriction of the loop was not possible because of the large volume of CSF inside the redundant arachnoid pouch. There was a possibility of postoperative hematoma collection between the packing material and the redundant arachnoid membrane. Thus, we intentionally punctured the arachnoid and reduced the CSF volume in the pouch to facilitate the con-striction of the snare loop, and then the snare loop was successfully tightened.
After tying the prolapsed arachnoid membrane using the snare technique, complete sealing of intraoperative CSF leakage was confirmed under the microscopic view in all cases. Postoperatively, CSF rhinorrhea developed in none of the 9 patients. Lumbar CSF drainage was not required in any of the patients. There were no other complications, including meningitis.
On the preoperative MR images, all tumors extended into the suprasellar space with compression of the optic apparatus. The height of the suprasellar extension from the diaphragm level ranged from 18 to 44.3 mm, with an average height of 23.6 mm. The early postoperative MR images taken 24 hours after surgery revealed a remarkable reduction of the height of the suprasellar extension in all cases. The height of the suprasellar extension from the diaphragm level on the early postoperative MR images ranged from 5.5 to 14.5 mm, with an average height of 10.8 mm. The average reduction of the height of the suprasellar extension was 51.9%. MR images obtained 1 year after surgery revealed that the suprasellar extension had decreased remarkably because of the complete absorption of the implanted materials. The highest point of the contents of the sella turcica was below the diaphragm level in every case ( Fig. 3A and B) , with the exception of 2 cases in which the 1-year follow-up MRI study had not been performed.
Preoperatively, visual impairment was present in every patient because of the compression of the optic apparatus, as shown on the preoperative MR images. A classical bitemporal hemianopsia was noted in 6 patients and variations of the field defect pattern were noted in the other 3 patients. After resection of the tumors, the visual deficits improved in all patients.
Discussion
CSF leakage is a major postoperative complication of TSS that can cause life-threatening meningitis or pneumocephalus. The possibility of arachnoid tearing is clearly higher in macroadenomas with huge suprasellar extension, because the arachnoid membrane can be easily damaged during the dissection of the suprasellar tumor. The more effort that is made for complete and aggressive resection of tumors, the more likely it is that intraoperative CSF leakage with an arachnoid tear can be encountered. Despite the increased risk of CSF leakage, this effort for total resection of tumors, including removal of a microsurgical pseudocapsule, is crucial for the cure of the disease. Previously, we reported the importance of the removal of the pseudocapsule, which frequently contains tumor cells. 25 If intraoperative CSF leakage occurs during TSS, the best method of preventing CSF rhinorrhea is complete repair of the leak point by sealing the arachnoid tear point during the initial TSS. However, in cases with multiple tears of the arachnoid membrane or a vague CSF leak point, this approach is not always applicable. The conventional packing technique that uses pieces of fat or muscle has commonly been used for the prevention of postoperative CSF leakage, with or without lumbar drainage. How- ever, this technique may not be sufficient to seal the leak point completely, as the packing material cannot put firm pressure on the overlying arachnoid membrane because of the redundancy of the arachnoid membrane in the suprasellar space. Moreover, overpacking occasionally leads to compression of the surrounding neurovascular structures, and to consequent neurological symptoms.
Postoperative hematoma in the tumor resection cavity is occasionally observed after TSS for macroadenoma with suprasellar extension. Several studies reported that the early postoperative MR images showed that the persistent sellar contents consisted of accumulated postoperative hemorrhage, fluid collection, and hemostatic packing materials in almost all cases of macroadenomas with suprasellar extensions. 12, 17, 22, 30, 31 Especially in cases with huge suprasellar extensions, postoperative hematoma can be accumulated in a large dead space of the suprasellar area after the removal of the tumor. Although the size of the postoperative sellar contents is usually similar or minimally decreased compared with that observed in preoperative MR images, it can increase with or without aggravation of neurological symptoms in some cases. Sometimes the increase in the size of the hematoma is fatal because it compresses adjacent neurovascu-lar structures. If a large postoperative hematoma filling the tumor resection cavity causes serious complications, such as visual disturbance, altered consciousness, or hypothalamic injury, it must be removed immediately by reoperation. Because reoperation is more dangerous than the first surgery, and neurological sequelae can remain despite the early removal of the postoperative hematoma, this complication should be avoided at all costs. However, the conventional packing method that uses pieces of fat or muscle may not be sufficient to prevent postoperative hematoma in the dead space.
To prevent postoperative CSF leakage and hematoma in the tumor resection cavity, we adopted purse-string suturing of the evaginated arachnoid membrane before the development of the snare technique. Similar to the snare technique, purse-string suturing can provide sealing of the CSF leakage and reduction of the postoperative tumor resection cavity by remodeling the prolapsed redundant arachnoid membrane. However, a complicated maneuver is required to introduce several stitches on the redundant arachnoid membrane in a narrow and deep surgical field; consequently, the operation time is prolonged. In cases with a weak and thin arachnoid membrane, its manipulation can induce the aggravation of arachnoid tears, and the The snare technique compensates for the disadvantages of the purse-string suturing technique. In the snare technique, the surgical maneuver is much easier than that used for purse-string suturing; thus, it is a shorter procedure, because the snare loop and additional knots are performed outside of the nasal speculum. In addition, because it tightens the large area of the arachnoid membrane at once, it is very effective in the repair of CSF leakage from multiple tear points on the arachnoid membrane. In our series, postoperative CSF rhinorrhea did not occur in any patient without the aid of postoperative lumbar drainage in any of the cases. Moreover, the height of the suprasellar extension and the dimension of the sellar contents evidently decreased in all patients, as assessed using postoperative MR images. These results imply that the snare technique is very effective for the complete sealing of CSF leakage and reduction of the tumor resection cavity.
Despite the simplicity and effectiveness of the snare technique, this technique could be useful in only limited cases. In our series, we have used the snare technique in only about 1% of our cases, and in less than 2% of our cases with suprasellar extension of tumor. It is possible to apply this technique exclusively for the cases with large redundant arachnoid membranes that herniate downward near or below the level of the dural opening after resection of tumor masses. In cases with small pituitary tumors that are localized in the sellae or extend slightly into the suprasellar space, the arachnoid membranes are not expanded enough to be manipulated for the snare technique. The condition of a redundant arachnoid membrane is another limiting factor for the application of the snare technique. If the redundant arachnoid membrane is too thin, meticulous care is required in manipulation of the arachnoid membrane because of the risk of disruption. When there is a large tear on the arachnoid or an adhesion between the arachnoid and structures located in the suprasellar space, the application of the snare technique would be impossible because the arachnoid membrane could not herniate downward but retracts upwards. Additionally, the neurovascular structures adjacent to the arachnoid membrane occasionally hinder the application of the technique. If a relatively thick layer of the normal pituitary gland covers the center of the arachnoid membrane, it could be injured by this technique, which may lead to worsening of hormonal function. In cases with a diffusely situated normal gland on the entire evaginated arachnoid membrane, a very small part of the exposed arachnoid membrane is available for tying a snare loop; consequently, the snare technique is not a good method in these cases. Arachnoid vessels are another nuisance, because hemorrhage in the subarachnoid space and infarction of the surrounding structures that are fed by the vessels may be provoked when the vessels are located inside the loop and are tied. If vessels are identified on the arachnoid membrane, they should always remain outside the tying portion of the redundant arachnoid membrane. Moreover, extra attention is required to avoid damage to the subarachnoid neurovascular structures, including the optic apparatus, the pituitary stalk, and the perforating arteries. A large volume of CSF inside the arachnoid pouch can also interfere with the constriction of the snare loop. As described earlier, intentional puncturing of the arachnoid membrane can reduce the volume and tension of the arachnoid pouch by draining CSF. Before constricting and tying the loop, surgeons should check whether the loop is properly placed so that the puncture site is located inside it.
During the period of this study, there were 158 cases of pituitary tumors with huge suprasellar extension in which the arachnoid membranes were redundantly herniated downward after the resection of the tumor. Except for the 9 cases of this series in which the arachnoid membranes were treated with the snare technique, the arachnoid membranes were treated with several other techniques in the rest of the 149 cases. A lump of TachoSil covering a small piece of Avitene was directly applied in 73 cases, mostly for the cases without a definite arachnoid tear. 8 The coaptation method 8 was applied in 20 cases with a small single leakage point, while the evaginated arachnoid membrane was coagulated and shrunk the herniated arachnoid sac. In 39 cases with a diffusely situated normal gland on the entire evaginated arachnoid membrane, we used the direct suture technique of normal gland edge on the incised dura margin for the reconstruction of the diaphragm. 20 In 6 cases, the coagulation and direct suture techniques were applied together. The purse-string suturing technique was applied in 4 cases with small exposure of prolapsed arachnoid membrane. When the exposure of prolapsed arachnoid membrane is small because of the centrally located normal pituitary gland, or when an arachnoid membrane is partially evaginated because of adhesion between the arachnoid membrane and suprasellar structures, it is technically difficult to place the loop in the proper position and tie it. In this situation, the purse-string suturing technique could be advantageous for tying the arachnoid membrane, as the placement of direct stitches on the arachnoid membrane secures the position of the suture over it. Six cases with large arachnoid defects were treated with attachment of a small piece of free septal mucosal flap. In 1 case, we used the conventional packing method using fat and fascia lata. Unfortunately, among these 149 cases, 2 experienced postoperative CSF rhinorrhea and required operations for repair of CSF leakage, and 1 case required an immediate reoperation for evacuation of a postoperative hematoma.
In the early phase of application of the snare technique, we failed to apply this technique in 3 cases because we did not have enough experiences to handle very thin arachnoid membranes. The redundant arachnoid membranes were relatively thin in these cases, so they tore while the snare loops were being tightened. Despite the relatively little manipulation of this technique, special caution is required during the manipulation of redundant arachnoid membrane, because there is always a risk of disruption of thinned arachnoid membrane. The disrupted arachnoid membranes were repaired with direct suture of the torn arachnoid in 2 cases and with purse-string suturing in another case, and fortunately no symptom related to the postoperative CSF leakage and hematoma developed in these cases.
conclusions
The snare technique is very useful for the reconstruc-tion of the redundant evaginated arachnoid membrane after the resection of huge macroadenomas in selected cases. Despite the limited applicability of the technique, the technical simplicity and the encouraging clinical outcomes reported by our study demonstrate the efficacy of the snare technique in preventing postoperative CSF rhinorrhea and hematoma formation in the tumor resection cavity.
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